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Nature provides a wide range of surfaces with many useful functions and properties, in both the animal and plants worlds.^[@ref1]−[@ref7]^ Biomimetic smart surfaces for several practical applications can be derived from the study of biological surfaces. Typical examples of fascinating surface properties from the plants world are self-cleaning and superhydrophobicity, the so-called Lotus effect.^[@ref8],[@ref9]^ The study of hydrophobic surfaces has attracted considerable interest in recent years,^[@ref10]−[@ref16]^ along with several efforts to produce artificial biomimetic superhydrophobic surfaces.^[@ref17]−[@ref21]^

In the present work, we report about a new type of artificial surface, three-dimensionally patterned at the micro- and nanoscale, and having a morphology inspired by the structure of the *Salvinia molesta* leaf. This plant is a floating fern, which possesses the remarkable property of long-term air retention on the surface of the leaves, when submerged in water, because of the peculiar microstructure and the related high hydrophobicity. The leaves of this plant have been thoroughly investigated from a morphological and functional point of view.^[@ref22]−[@ref28]^ The upper side of leaves is covered with hairs capped with a crownlike (or "eggbeater") structure ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a); each hair is composed by a stalk, up to 1.5 mm long, bearing on the tip four rounded filaments which are connected at the apex, thus forming a crownlike structure of about 500 μm in height ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The overall multicellular hair structure, except for the apex, is covered with wax crystals with low surface energy and high roughness at the micronanoscale which provide high hydrophobicity. The apex is instead composed by a small group of dead cells, rather smooth and hydrophilic, which ensures an anchoring point for water droplets. Thanks to this complex morphology, the plant is able to retain an air layer when submerged in water, ensuring transpiration and insulation, which permits its survival during flooding. In more detail, according to more recent studies in the field, the long-term stability of the air film is given by the following five surface characteristics: hydrophobicity; presence of microscale or millimeter scale hairs; presence of additional fine structures (e.g., ridge, hairs or waxes); micro- and nanocavities; elasticity of the structures.^[@ref2],[@ref15]^

![(a) Upper surface of *Salvinia molesta* leaf covered with hydrophobic hairs. (b) Detail of *Salvinia molesta* crownlike hairs. (c) Artificial crownlike hairs made in IP-DiLL photoresist on glass by means of 3D direct laser lithography. (d) Detail of artificial crownlike hairs on glass. (e) Scheme of artificial microhairs design with geometrical parameters (*h* and *w* are height and diameter of the stalk, whereas *N* and δ are the number of the filaments of the head and their thickness respectively). (f) Hexagonal arrangement of the array of artificial microhairs.](am-2015-07722m_0006){#fig1}

Anyhow, among other properties, the hydrophobicity is the starting necessary condition to have the air trapping effect. The most notable aspect of hydrophobicity is that it does not merely depend upon chemical interaction between the solid surface and the liquid phase, but mostly on the superficial texture which provides a functional roughness at the micro- and nanoscale.^[@ref15],[@ref22]^ Moreover, there are experimental evidence that even a hydrophilic material (with high free surface energy) can macroscopically behave as hydrophobic if its surface has proper micro-nanostructured features.^[@ref29]^

In this work, we focus on this aspect: starting from a hydrophilic material (a cross-linked epoxy-based photoresist), we propose a salvinia-inspired surface composed by microfabricated artificial hairs combined with a proper arrangement in arrays, able to show highly hydrophobic behavior. We investigated in particular how the morphology can affect the functional properties of the surface (hydrophobicity and air retention) as first step to develop surfaces with tailorable features. The implementation of such complex type of structured surfaces in artificial materials could be of great technological interest because it could allow the integration of different properties onto the same surface, just by tuning the arrangement and the morphology of the patterns.

To obtain artificial surfaces with interesting structure-related functions, we replicated the complex structure of *Salvinia molesta* hairs by downscaling it to the microscale. Such artificial surfaces were created by using 3D direct laser lithography. This technique, based on multiphoton absorption, allows to realize outstanding three-dimensional structures with features at the nanoscale, and it recently emerged as a powerful tool for fabricating 3D micropatterned surfaces for optics, photonics, as well as for bioinspired cell culture scaffolds.^[@ref30]^ Here we extended the range of applications of the technique to multifunctional plant-inspired surfaces, which are almost impossible to be replicated at such scale and with necessary resolution by other fabrication techniques.

Indeed, even if the replication of hydrophobic surfaces is quite common, the realization and the study of complex hierarchical three-dimensional structures have not been investigated yet, mainly due to serious limitations of available fabrication techniques. In this sense 3D laser lithography offers unique opportunity in the cross-disciplinary field of bioinspiration and biomimetics.

In the present work, artificial hairs were purposely designed about 100 times smaller than the natural ones ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, d). The reason for downscaling the dimensions of the structures was related to the possibility to exploit the microscale physics to obtain behaviors not achievable at bigger scale. In particular, as demonstrated in the following, such small dimensions are required to obtain the targeted effect i.e. the obtainment of a surface with tunable hydrophobicity starting from a single hydrophilic material. Artificial hairs fabricated via direct laser lithography are composed by a cylindrical stalk and by a head mimicking the "eggbeater" structure of the *Salvinia molesta* leaves. The stalk of an artificial hair has a height of 7 μm and a diameter of 1.5 μm, whereas the head is obtained by intersecting three circumferences, rotated by 60° one from the other, with a diameter of 6 μm and a thickness of 1 μm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d, e). The arrays of artificial hairs, used in the tests, were arranged by following a 2D hexagonal lattice structure with a spacing of 9 μm between first-neighbor stalks and a minimum space between the head filaments of different hairs of about 3 μm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f).

Thanks to the good mechanical properties of the cross-linked negative tone photoresist, the laser written structures were stable and the suspended crown-like head did not collapse even after submerging in water. Moreover, despite their tiny size and high aspect ratio, artificial hairs were well-anchored to the glass substrate, thanks to the optimization of the laser writing process.

To characterize the air trapping capability of salvinia-inspired surface, we implemented a dedicated experimental setup, based on the use of a confocal microscope (C2 Confocal Microscope System, Nikon), to detect the presence of water (suitably marked with the fluorescent probe TRITC) or air inside the crownlike heads and between the stalks (see also "Air trapping test" in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07722/suppl_file/am5b07722_si_001.pdf)). It was possible to selectively detect and distinguish the artificial hair structure, the water and the air, which are respectively colored in blue, red and black in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Indeed, the IP-DiLL photoresist itself is fluorescent if excited at 401 nm, whereas it is much less fluorescent at the excitation wavelength of TRITC (561 nm), where water marked with TRITC fluorescent probe is instead evidenced. In this way, it was possible to evaluate at microscopic level the interface between water, air, and the salvinia-inspired structures.

![Salvinia-like micropatterned surface shows the capability of air trapping (water is colored in red, the structures in blue, air in black). (a) 3D reconstruction (from the images obtained with a confocal microscope) of a portion of the micropatterned surface showing the presence of air inside the crownlike hairs and between the stalks. Detail of a horizontal section of the micropatterned surface: (b) at the top level of the crownlike heads, (c) at the bottom level of the crownlike structure, and (d) at the level of the stalks. (e) Static contact angle test demonstrates the hydrophobicity of the artificial salvinia-like surface. (f) Schematic representation of the water-surface interface following (i) W-W, (ii) CB-CB, (iii) CB-W, and (iv) W-CB states, [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}--[5](#eq5){ref-type="disp-formula"}).](am-2015-07722m_0001){#fig2}

Notably, the artificial salvinia-like patterns demonstrated the capability to create an apparently stable air layer, trapped between the glass substrate and the hairs heads (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--d), thus partially reproducing the air trapping behavior of the natural counterpart. It is important to highlight that the design parameters of the hair head, in terms of its size, thickness, and number of circles that compose it, are a crucial aspect because they determine the number of solid--liquid and solid--air interfaces, thus conditioning the capacity of holding air under the hairs head. Indeed optimization of design went through several iterations, with different configurations tested before finding the suitable one (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07722/suppl_file/am5b07722_si_001.pdf) for some examples). Moreover, it should be noted that, even those designs that are not capable of air layer retention, stably trapped air inside the crown-like artificial structures, also at large crown diameters (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07722/suppl_file/am5b07722_si_001.pdf)). This fact could play an important role in terms of surface properties for tailoring specific functionalities.

Because the proposed artificial surface is able to trap air, the same should behave as a hydrophobic surface, even if the component materials (epoxy-based resist and glass) have high surface free energy and hydrophilic behavior on flat configuration. To verify this hypothesis, we evaluated the wettability of the surface, measuring the static water contact angle (CA) by means of an optical tensiometer (Attension Theta, Biolin Scientific). A larger patterned surface was specifically prepared to this purpose. Arrays were fabricated in the form of the square array with lateral size 900 μm (120 × 100 array). A droplet of deionized water with a diameter of about 500 μm was placed on top of a square array of hairs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e). The surface proved to be highly hydrophobic (while not yet superhydrophobic), since the static contact angle was 122° ± 1°. This is a remarkable result because the static contact angle of a droplet of water on a flat surface made with the same material, IP-DiLL photoresist, was measured to be around 53° ± 1° with a contact angle hysteresis (CAH) of about 40° (in the range 65--25°, evaluated by drop evaporation method).^[@ref31]^

From a theoretical point of view the contact angle (θ) of a liquid (water in our case) on a flat surface is related to the surface free energy of the solid composing that surface (γ~S~), the liquid surface tension (γ~L~) and the solid--water interfacial energy (γ~SL~), by the well-known Young equation^[@ref32]^If the surface presents some degrees of roughness the previous equation is not valid any longer and the apparent (macroscopic) contact angle (θ^W^~W~) can be expressed as a function of θ by the Wenzel equation^[@ref32]^where the roughness parameter *R* is given by the ratio between the real surface area and the projected area. Wenzel model predicts that hydrophobicity always increases with roughness if the pristine material is hydrophobic; on the other hand, hydrophilicity increases with roughness if the material is hydrophilic. This is true only if all of the liquid phase is in direct contact with the surface (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f.i) (solid--liquid interface only). When air is somehow trapped between the solid and the liquid, the Wenzel model is not valid any longer, and a more accurate description of the phenomenon is given by the Cassie--Baxter equation^[@ref10]^ that considers both solid--liquid and liquid--air interface fractions of the overall interface (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f.ii). In this case, the apparent contact angle (θ^CB^~CB~) is given bywhere *F*~SL~ and *F*~LA~ represent, respectively, the fraction of solid--liquid interface and liquid--air interface. In presence of a solid rough surface [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} must be modified according to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, namelyThus, this equation also applies to hierarchical or rough microstructured surfaces (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f.iii), and well-describes even the superhydrophobic behavior (θ^W^~CB~ \> 150°)^[@ref23]^ of such type of surfaces. Noteworthy, the [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} predicts a mixed state (lower/macro-Cassie--Baxter and upper/micro-Wenzel) (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f.iii) and it is for our specific geometry valid substituting R with *R*^m^, *F*~SL~ with *F*~SL\ M~ and *F*~LA~ with *F*~LA\ M~, where "m" stands for "micro" and "M" for "macro" (in the previous equations, only global quantities play a role). Interestingly [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} predicts a hydrophobic behavior of the structured surface (θ^W^~CB~ \> 90°) even if θ \< 90° (i.e., pristine hydrophilic material), if the following condition is satisfied^[@ref10]^Analogously, in case of [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} the same behavior is obtained whenThus, [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} corresponds to a fully Wenzel state (W-W), [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} to a fully Cassie--Baxter state (CB-CB), and [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} to the mixed state macro-Cassie--Baxter and micro-Wenzel (CB-W), whereas the remaining state macro-Wenzel and micro-Cassie--Baxter (W-CB) would be described by^[@ref33],[@ref34]^ (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f.iv)where again "m" stands for "micro" and "M" for "macro" and being *F*~W\ M~ (macro-Wenzel interface fraction) geometrically equivalent to (1 − *F*~SL\ M~).

By applying the previous equations to our specific experimentally observed case of the CB-CB state, we found a θ^CB^~CB~ in the range 120°--133° (depending on how interface surfaces are calculated, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07722/suppl_file/am5b07722_si_001.pdf) for calculation details), which is in good agreement with the measured contact angle of 122° (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e), thus further confirming the presence of a CB-CB regime when our surface is in contact with water. Anyhow it is important to underline that Cassie--Baxter equation alone does not tell us anything about the stability of the wetting state, that of course depends on the sample geometry, chemical and thermodynamic properties of the surface, as well as on environmental conditions (i.e., hydrostatic and hydrodynamic pressure).^[@ref12],[@ref25],[@ref30],[@ref35]^ Considering our artificial salvinia-inspired structures (composed by a hydrophilic material), from a purely thermodynamic point of view the CB-CB state is always the higher energy state compared with W-W state, thus in principle disadvantaged. Nevertheless, the experimental evidence collected so far make us conclude that, despite the CB state would be disadvantageous, it happens that artificial structures behave like this. The persistence and thus the meta-stability of the CB-CB state has been verified to be at least in the order of hours in static conditions.

To further investigate this aspect we repeated air trapping tests on a series of samples with the same hair geometry (*N* = 3; *r* = 3 μm; δ = 1 μm; *h* = 7 μm; *w* = 1.5 μm), with a hexagonal array in hexagonal arrangement (6 hairs per side), by varying the head-to-head distance, from 0 to 7 μm (with steps of 1 μm). Results are reported in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Interestingly, it appears that there is a threshold distance, in between 4 and 5 μm, at which the surface wetting regime switches between CB-CB to W-CB. This result indicates that the structure admits in certain conditions a metastable CB state. This behavior can be also motivated by the presence of a local minimum of the total interface energy when the air layer is formed, due to the particular geometry of the structure and in particular to the effect of re-entrant corners. In this condition, when the air layer is formed a certain amount of extra energy is required to overcome the energy barrier and further collapse in W-CB state (thermodynamically stable). This energy barrier must be proportional to the number of structures for unity of area. Increasing the interstalk distance this energy barrier decreases (while decreasing the density of stalks per unit of area), and the effect of gravity and pressure fluctuations could be sufficient for collapsing in W-CB state, as we experimentally observed. This suggests the robustness of the micro CB state always observed in our experiments even under W macroscopic condition, thus suggesting also that the scaling down of a *Salvinia* leaf may result in a similar robust functionality even using a hydrophilic material.

![Air trapping test performed on a series of hexagonal samples with hexagonal arrangement of the stalks. The head-to-head distance varied from 0 to 7 μm (from a to h, with 1 μm increment per step). For each sample, different confocal microscope images are reported (water is colored in red, the structures in blue, air in black): the section at the level of the stalks, close to the glass substrate (on the left), the section at the level of the crown-like heads and the profile of the hairs (on the right). For a head-to-head distance between 4 and 5 μm (images in d, e), the switching between CB-CB and W-CB wetting regime occurs, whereas the air is always trapped inside the heads.](am-2015-07722m_0002){#fig3}

The provided interpretation is also in good agreement with the behavior of the proposed surface as related to vapor condensation. The condensation of liquid water from vapor on rough, microstructured, or superhydrophobic substrates is an interesting phenomenon since it induces a wetting behavior that is different from that of deposited water drops.^[@ref36]^ In particular, the growth dynamics of water droplets from vapor has been widely investigated in order to find a general model for this particular geometry-dependent property on different substrates.^[@ref37]−[@ref40]^ To assess the capability of our salvinia-inspired pattern in promoting the condensation of the water in the atmosphere, we carried out tests in an environmental scanning electron microscope (eSEM). To this purpose, salvinia-like hairs patterns were reproduced on a piece of silicon wafer. Silicon has been chosen because it provides a lower thermal resistance compared to the glass (see also "Water condensation test" in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07722/suppl_file/am5b07722_si_001.pdf)). Even if the artificial hairs used in the previous tests showed the capability to support the nucleation of water droplets from the atmosphere (Figure S9 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07722/suppl_file/am5b07722_si_001.pdf)), the best results have been obtained by changing the design of the hairs. Such optimized structures shared the same salvinia-like general design, but had smaller features of the crown-like heads (*N* = 4 *r* = 2 μm; δ = 650 nm; *h* = 7 μm; square array 20 × 20 elements; stalk-to-stalk interdistance 5 μm) ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07722/suppl_file/am5b07722_si_001.pdf)). The hairs were able to promote water condensation from environmental moisture. SEM micrographs acquired at different times permitted to appreciate the evolution of such condensation process. The liquid water microdroplets nucleated on the crown-like heads, characterized by a large number of solid--air interfaces, then droplets started growing ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Indeed, the salvinia-like structure can be considered as a region where the roughness is much higher than that of the surrounding smooth silicon substrate and for this reason it represents a region of nucleation of the water droplets. As a result, a water layer is formed in macro W regime. This result, apparently in contrast with what discussed above, can be rationalized by considering that Wenzel regime is thermodynamically advantaged, and that the nucleation condensation process does not pass through the CB-CB metastable configuration.

![Environmental SEM images showing the temporal sequence of the water vapor condensation dynamics on the salvinia-like patterned surface (vapor pressure of 640 Pa, cooling stage temperature of 1.0 °C). The scale bar is 30 μm. The liquid water microdroplets nucleate around the crown-like heads and increase their size around the stalks, until they fill the entire space between the pillars and reach the substrate, according to the macro Wenzel regime. Finally, the water covers most of the salvinia-like array, forming a flat droplet.](am-2015-07722m_0003){#fig4}

Even if the proposed surface cannot be considered a "fog collector", because this type of behavior is typical of surfaces which are able also to promote the roll-off of collected water^[@ref41]^ (not verified in our case), the water condensation properties can be anyhow considered as an interesting starting point for further investigation. In particular, we believe that localized surface functionalization and fine-tuning of the geometrical parameters could be a viable step to reach the target of fog collection, which is particularly interesting in view of real technological applications.

In this Letter, we extended the use of 3D laser lithography based on two-photon polymerization of a negative photoresist to the fabrication of biomimetic surfaces. We demonstrated the fabrication of complex three-dimensional patterns with micro- and nanoscale features, replicating the morphology of the leaves of an aquatic fern, the *Salvinia molesta*, while downscaling its dimensions. The structure, made with a hydrophilic material, shows remarkable functional properties, such as air trapping, hydrophobicity, and promotion of localized water condensation from environmental moisture. It is possible to assume that the realization of different patterns on the same surface, in terms of geometry, dimension and spatial organization, can lead to a new type of functional structured surfaces, simply by modulating the entity of the three properties. Moreover, even if the microstructures presented in this work were fabricated on glass and silicon, there is no practical limitation in following the same procedure on a different substrate. Lastly, in addition to the technological applications of patterned surfaces with submicrometric resolution, the present work demonstrates for the first time the use of 3D laser lithography as a powerful tool for the investigation of wettability, air retention, and condensation phenomena, thus opening the way to more complex studies on how microscale morphology can affect macroscopic surface properties.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.5b07722](http://pubs.acs.org/doi/abs/10.1021/acsami.5b07722).Some more details about surface fabrication, experimental procedures for air trapping and water condensation tests, and related figures ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07722/suppl_file/am5b07722_si_001.pdf))
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